H testes (50% of normal) despite normal or elevated circulating and intratesticular testosterone levels. Unlike fertile TgSCAR m males, testes of adult TgSCAR H males exhibited focal regions of interstitial hypertrophy featuring immature adult Leydig cells and higher intratesticular dihydrotestosterone and 5␣-androstane 3␣,17␤-diol levels that are normally associated with pubertal development. Mature TgSCAR H testes also exhibited markedly reduced Sertoli cell numbers (70%), although meiotic and postmeiotic germ cell/Sertoli cell ratios were twofold higher than normal, suggesting that elevated TgSCAR activity supports excessive spermatogenic development. Concurrent with the higher germ cell load of TgSCAR H Sertoli cells were increased levels of apoptotic germ cells in TgSCAR H relative to TgSCAR m testes. In addition, TgSCAR H testes displayed unique morphological degeneration that featured accumulated cellular and spermatozoa clusters in dilated channels of rete testes, consistent with reduced epididymal sperm numbers. Our findings reveal for the first time that excessive Sertoli cell AR activity in mature testes can reach a level that disturbs Sertoli/germ cell homeostasis, impacts focal Leydig cell function, reduces sperm output, and disrupts male fertility. androgen; Sertoli cell; spermatogenesis; testis; transgenic mouse GONADAL EXPRESSION OF THE ANDROGEN RECEPTOR (AR) is crucial for the normal development and maintenance of spermatogenesis and male fertility (29, 33) . In human and rodent testes, local AR-expressing somatic cells orchestrate the vital but incompletely understood androgen-mediated responses required to complete the development of male germ cells, which do not express (27, 36) or require a functional AR (16, 20, 32) . Sertoli cells are the only androgen-responsive somatic cell type within the seminiferous tubules that have direct germ cell contact during all stages of spermatogenesis. The Sertoli cell AR (SCAR) plays a central role in regulating both the development and ongoing maintenance of spermatogenesis and testicular function.
Cell-specific conditional modification of AR function has provided key insights into local testicular cellular AR actions in vivo. Selective loss-of-function mouse models targeting AR in somatic Sertoli (4, 6, 13) , Leydig/Sertoli (32), or peritubular (34) cells indicated that local AR responses in these cell types are essential for normal testicular development and function. Sertoli cell-specific disruption of AR function (SCARKO) in mice resulted in meiotic arrest and male infertility (6, 13, 19) . Hypomorphic SCAR disruption (13) or graded loss of genomic SCAR activity (19) showed that SCAR activity is also essential during postmeiotic spermatid development. In addition, SCARKO testes displayed disrupted postnatal Leydig cell development (6, 19) , highlighting the still largely undefined SCAR-mediated paracrine control of the adult Leydig cell lineage. However, permanent loss of SCAR activity and arrested postnatal testicular maturation in these SCARKO models did not allow research into ongoing SCAR effects in a mature and functional testis.
Recently, we created the first gain-of-function transgenic (Tg) model to determine SCAR actions in vivo (10) . TgSCAR expression directly showed that the developmental onset of SCAR activity regulates temporal Sertoli cell maturation and postnatal meiotic-postmeiotic germ cell development (11) . Furthermore, TgSCAR coordinated the postnatal/pubertal development and testicular capacity of Leydig cells, demonstrating the intimate relationship between the androgen-responsive Sertoli and androgen-producing Leydig cells (11) . Independent Tg lines revealed that TgSCAR induced a dose-dependent reduction in postnatal and adult testis size, reflecting precocious Sertoli cell maturation, resulting in a reduced Sertoli cell population, which is thought to largely define the testicular germ cell-carrying capacity, as well as reduced Leydig cell numbers (10, 11) . Our initial work found that TgSCAR expression had no marked impact upon male fertility.
In adults, SCAR expression varies markedly between distinct stages of human (31) and rodent (3, 36) seminiferous epithelium cycles, suggesting that Sertoli cell androgen sensitivity is rigorously titrated to play specific roles at defined stages of spermatogenic development. Intriguingly, elevated AR expression was found in rat Leydig cells exhibiting impaired steroidogenesis (17) , and overexpression of human TgAR in mice caused prostate neoplasia (30, 37) , indicating that excessive AR expression may disrupt normal cellular function. We have now examined mice with higher TgSCAR expression to determine the specific importance of SCAR expression levels upon mature testicular function and male fertility. Our current findings reveal that elevated SCAR expression causes male infertility and indicate a restricted range SCAR activity is required for optimal adult spermatogenic development, steroidogenesis, and fertility.
MATERIALS AND METHODS

TgSCAR Mice
TgSCAR mouse lines expressing the Sertoli cell-specific human AR cDNA were described previously (10 
Serum Collection and Tissue Processing
Tg and wild-type (WT) age-matched littermates were collected at 10, 26, and 52 wk of age to compare adult phenotypes. Serum was collected from ketamine/xylazine-anesthetized animals by terminal cardiac exsanguination and aliquots stored at Ϫ20°C. Testes were removed and immediately frozen (liquid N 2) for RNA or steroid analysis or perfusion fixed (with epididymis) and incubated in Bouin's fixative for 24 h (histology, stereology) and transferred to 70% ethanol. Fixed testes were embedded in hydroxymethylmethacrylate resin (Technovit 7100; Kulzer and Company, Friedrichsdorf, Germany) as described for histology and stereology (1, 10) or parafin for immunohistochemistry. Tissue sections were cut using a Polycut S microtome (Reichert Jung, Nossloch, Germany). Thin (2 m) and thick (20 m) sections were stained consecutively with periodic acid-schiff, hematoxylin, and Scott's blue solution for histology and stereology, respectively. Total testicular Sertoli and germ cell populations were quantified by optical disector stereology methods described previously (10) using CASTGRID (Olympus, Aarhus, Denmark) software. Thin testis sections (3 m) used for immunhistochemistry were counterstained with Harris hematoxylin.
Detection of Apoptosis
Cell apoptosis was determined using an ApopTag Peroxidase In Situ Apoptosis Detection Kit (Chemicon S7100) according to the manufacturer's protocol and treating testis sections with proteinase K for 15 min, followed by 3% H 2O2 treatment for 10 min (12) . Testis sections were counterstained with Harris hematoxylin and eosin solution. The relative numbers of apopototic cells were determined in TUNEL-positive tubule cross-sections using CASTGRID software (Olympus), counting 100 seminiferous tubules per testis sample to determine average numbers of TUNEL-positive cells per tubule section.
Epididymis Sperm Count
Epididymal sperm were collected by homogenizing (maximum speed: 5,000 rpm, 1 min) epididymis in 1 ml of sodium buffer (150 mM sodium chloride, 0.05% Triton X-100, and 3.8 mM sodium azide) diluted 10-fold and counted by hemocytometer, as described previously (28) . Sperm heads resistant to homogenization were counted in a hemocytometer and total sperm numbers expressed per gram of epididymis. 
Hormone Assays
Mouse serum FSH levels were measured by immunofluorometric assay, as described previously (12, 15) . All samples were measured in duplicate in a single batch. Serum testosterone, intratesticular testosterone, dihydrotestosterone (DHT), and 5␣-androstane 3␣,17␤-diol (3␣-diol) levels were measured after hexane-ethylacetate extraction using liquid chromatography and tandem mass spectrometry (quantification limits were 0.1 ng/ml and 25 pg/mg for serum and testicular testosterone, respectively, and 0.2 ng/mg for testicular dihydrotestosterone and 3␣-diol), as described for mouse samples (11, 23) .
RNA Extraction, cDNA Synthesis, and Real-Time qPCR
Total RNA was extracted from testes using Trizol (Sigma) according to the manufacturer's protocol and residual genomic DNA removed by RNase-free DNase I (0.5 U/g RNA; Invitrogen). cDNA was obtained using oligo-dT primers and reverse transcriptase (Superscript III; Invitrogen) as recommended. Quantitative real-time PCR (qPCR) was performed using a Rotor gene 6000 (Corbett Research, Sydney, Australia) and SensiMix SYBR kit (Bioline, Alexandria, Australia) according to manufacturer's guidelines. Primers pairs were used to detect mouse activating transcription factor 3 (Atf3; 5=-CGCCATCCAGAATAAACACC, 5=-CCTTCAGCTCAGCATTCACA) and Casitas B-lineage lymphoma proto-oncogene (Cbl; 5=-ATCCAGTCCCAAGCACTGTC, 5=-TCACCATCCAAAGACAACCA) mRNA transcripts. Testicular Rhox5 and Spinlw1 transcripts were detected by qPCR, as described previously (10) . Amplicon products were assessed by melting curve analysis, and efficiencies of all reactions were Ͼ95%. Relative target and internal control transcript copy number were quantitated by qPCR using the standard curve method and expressed relative to the expression of two internal sample controls, Hmbs and Hprt1, using GeNorm software analysis as described previously (10) .
Statistical Analysis
Statistical analysis was performed using SPSS version 19.0 (SPSS) or NCSS 2007 (NCSS). Comparisons of TgSCAR
m , TgSCAR H , and WT animals at different ages were determined by two-way ANOVA. Data for Tg vs. WT samples at equal time points used unpaired t-tests and one-way ANOVA. Differences were regarded as significant when P Ͻ 0.05. All data are presented as means Ϯ SE.
RESULTS
Relative Testicular TgSCAR Expression
Relative testicular TgSCAR mRNA expression levels were measured by qPCR using primers that detect human AR but not mouse Ar transcripts (10) . Adult testicular TgSCAR expression was highest in Tg line 3 (10) and twofold higher in homozygous vs. hemizygous TgSCAR Tg line 3 males (Fig. 1A) (10) , strong staining at stages VI-VII, and no staining in stages I-II and XI-XII, confirming stage-specific TgSCAR H expression (Hazra R and Allan C, unpublished data). There were no differences in the frequency of seminiferous cycle stages found in TgSCAR relative to WT tubules (Noori O, Hazra R, and Allan C, unpublished data). (Fig. 1C) . Total body weights of TgSCAR H and TgSCAR m males remained equivalent to those of age-matched WT males (data not shown). In contrast, epididymal weights were significantly smaller in TgSCAR H compared with age-matched 10-, 26-, and 52-wk-old WT and TgSCAR m mice, with the latter retaining normal epididymal size at all ages examined (Fig. 1C) . Seminal vesicles were initially smaller (25%, P Ͻ 0.05 vs. WT) in 10-wk-old TgSCAR H males but normal in older TgSCAR H vs. WT and TgSCAR m males (Fig. 1C) .
TgSCAR Effects on Adult Testicular Histology and Total Sertoli and Germ Cell Numbers
Adult TgSCAR m males exhibited normal testicular histology at all ages examined (Fig. 2) . TgSCAR H testes displayed grossly normal seminiferous tubules; however, detailed stereological analysis revealed changes to Sertoli and germ cell populations in mature TgSCAR H compared with WT testes (Fig. 2) . Total numbers of Sertoli cells were significantly decreased (70%, P Ͻ 0.01) in TgSCAR H vs. WT testes and also reduced compared with TgSCAR m testes (Fig. 2B) . Because of the smaller testes and reduced total Sertoli cell population in TgSCAR H males, germ cell numbers are presented as a ratio to Sertoli cell numbers. Spermatogonia and early spermatocyte/Sertoli cell ratios were equivalent in TgSCAR H and WT testes (Fig. 2B) . In contrast, the pachytene spermatocyte/Sertoli cell ratio was significantly elevated in TgSCAR H vs. WT testes (Fig. 2B ). In addition, elevated round and elongated spermatid/Sertoli cell ratios were found in TgSCAR H testes, which contrasts with the reduced spermatid/Sertoli cell ratios observed in fertile TgSCAR m testes (10) .
Effects of TgSCAR on Germ Cell Apoptosis
Apoptotic germ cells. Relative levels of germ cell apoptosis were compared in adult WT, TgSCAR m , and TgSCAR H testes using TUNEL assay (Fig. 3) , as described in MATERIALS AND METHODS. The relative number of detected TUNEL-positive germ cells was significantly increased (P Ͻ 0.05) in 10-to 52-wk-old TgSCAR H relative to WT testes, whereas TgSCAR m testes dis- played normal levels of TUNEL-positive germ cells (Fig. 3B ). Apoptosis found in TgSCAR H testes was not targeted to a particular stage of the seminiferous epithelium cycle but appeared to target mitotic spermatogonia and meiotic spermatocyte populations.
Apoptotic markers. We determined the effect of TgSCAR on Atf3 and Cbl mRNA expression, markers associated with stressinduced apoptosis (18) or androgen-regulated germ cell apoptosis (7), respectively. The relative expression of Atf3 was elevated in TgSCAR H compared with TgSCAR m and WT testes at all ages, although it was elevated in younger TgSCAR m testes relative to WT (Fig. 3C) . Conversely, expression of Cbl was upregulated in TgSCAR m relative to WT testes, whereas expression levels were reduced in TgSCAR H testes (Fig. 3C) .
Effects of TgSCAR on Rete Testes Histology
The rete testes and efferent ducts of TgSCAR m males exhibited normal histology at all ages examined (Fig. 4 ). In contrast, TgSCAR H males had excessive cellular and sperm deposition in the ducts of rete testes (Fig. 4) , which was more prominent in 26-and 52-wk-old mice. Other cells found in the dilated ducts of TgSCAR H rete testes resembled round spermatids and possibly earlier meiotic germ cell types, suggesting that some germ cells may have prematurely detached from the maturing germinal epithelium.
Accumulation of cell clusters or spermatozoa was not observed in any TgSCAR m or WT rete testes. Clusters of TUNEL-positive cells and spermatozoa were found in the enlarged ducts of TgSCAR H rete testes (Fig. 4B) . TgSCAR H testes also exhibited seminiferous tubules lacking spermatogenic cells and displaying numerous vacuoles, which were observed more frequently around the rete testes (Fig. 4B) .
TgSCAR Effects on Epididymal Sperm Number
Comparison of cauda epididymal sperm number did not reveal significant differences between WT and TgSCAR m mice at all ages examined (Fig. 5 ). In contrast, TgSCAR H males displayed a significant reduction in epididymal sperm numbers (Fig. 5) , consistent with the accumulation of sperm in enlarged ducts of the rete testes.
TgSCAR Effects on Leydig Cell Populations
TgSCAR
H testes displayed focal interstitial regions of abnormal Leydig cell morphology characterized by cellular hypertrophy and an accumulation of lipid droplets (ϫ100; Fig. 6 , inset), which resembled immature adult Leydig cell types (11) . In contrast, TgSCAR m testes had normal Leydig cell morphology (Fig. 6 ). 
TgSCAR Effects on Hormone Levels
Serum hormone levels. Serum testosterone (2-way ANOVA, P ϭ 0.458) and FSH (2-way ANOVA, P ϭ 0.184) levels were equivalent in TgSCAR m and TgSCAR H compared with WT males (Fig. 7A) , although higher levels were found in 52-wkold TgSCAR H vs. WT males (1-way ANOVA, P Ͻ 0.05), noting that highly variable serum testosterone levels in mature males may reflect pulsatile circulating levels (5) .
Intratesticular steroid levels. Previously, we showed that 10-wk-old TgSCAR m males had normal intratesticular concentrations of testosterone, DHT, and 3␣-diol (14) . Older TgSCAR m males also exhibited normal intratesticular androgen levels (Fig.  7B) . In contrast, 10-to 52-wk-old TgSCAR H males exhibited elevated levels of intratesticular testosterone, DHT, and 3␣-diol relative to littermate WT and TgSCAR m males (Fig. 7B) . Testicular 3␤-diol levels were also determined and found to be normal in TgSCAR H mice (data not shown).
DISCUSSION
Our unique gain-of-function Tg mouse model has shown that optimal levels of SCAR expression are vital for male fertility. It is known that loss of SCAR activity disrupts spermatogenic development and causes male infertility (4, 6, 19) , and our current work has further revealed that elevated SCAR activity impacts germ cell survival, sperm production, and steroidogenesis and also causes male infertility.
Higher SCAR expression reduced mature TgSCAR H testes to ϳ50% of normal size, showing that the dose-dependent TgSCAR-induced reduction in testis size continues with higher TgSCAR activity (10) . Elevated expression levels of known AR-regulated and Sertoli cell-specific genes Spinlw1 and Rhox5 provided further evidence of increased SCAR activity in TgSCAR H relative to TgSCAR m and normal mature testes. Nuclear SCAR expression during distinct stages of the seminiferous epithelia of TgSCAR H testes was similar to the strong stage-specific pattern observed in TgSCAR m testes (stages III-X). Excessive SCAR activity had no impact upon duration of stages, as stage frequency of the seminiferous cycle remained normal in TgSCAR H testes. Expression of TgSCAR driven by the rat ABP promoter partly resembles the stagespecific expression of rat ABP mRNA, which peaks during stages VII-VIII (25) . The similar stage-specific expression of TgSCAR and endogenous SCAR protein may indicate that the fate of AR protein in the seminiferous epithelium is controlled by stage-specific posttranscriptional mechanisms, which remain undetermined.
Elevated TgSCAR expression caused male infertility or subfertility in TgSCAR H mice, unlike the normal fertility observed in TgSCAR m males (10) . The exact cause of TgSCAR-mediated infertility remains unknown; however, aberrant cellular and histological features were detected in TgSCAR H but not TgSCAR m testes. Total Sertoli cell numbers were reduced in TgSCAR H relative to TgSCAR m and WT testes, which was most likely due to premature SCAR-mediated postnatal Sertoli cell maturation resulting in a smaller population of adult Sertoli cells (10) . The relative expression of SCAR-regulated transcripts Rhox5 and Spinlw1 in TgSCAR H testes is increased further when testicular expression levels are corrected for the reduced Sertoli cell numbers. Higher TgSCAR expression also altered distinct germ cell populations in adult TgSCAR H males. Nor- mal germ/Sertoli cell ratios for the mitotic spermatogonia and early meiotic (preleptotene-zygotene) spermatocytes contrasted with the elevated pachytene spermatocyte/Sertoli cell ratios in TgSCAR H (and TgSCAR m ) relative to normal testes. Androgen actions are known to enhance the development and survival of meiotic spermatocytes (2, 9, 26) . Therefore, increased SCAR expression may enhance androgen-regulated meiotic germ cell survival. However, elevated germ cell apoptosis was found in TgSCAR H compared with TgSCAR m and normal testes, suggesting that excessive SCAR activity may also partly disrupt or overwhelm the optimal support mechanisms provided by Sertoli cells. Although the precise cellular pathways altered by SCAR overexpression that disrupt germ/ Sertoli cell homeostasis have yet to be determined, we found that TgSCAR increased the testicular expression of proapoptotic Atf3, encoding an ATF/CREB family transcription factor involved in stress-induced apoptosis (8, 14, 21) consistent with elevated germ cell apoptosis. Conversely, expression of E3 ligase Cbl, which is localized to spermatocytes and proposed to play a role in Sertoli cell-regulated and androgen-dependent germ cell survival (7), was upregulated in TgSCAR m relative to normal testes but reduced in TgSCAR H testes despite both TgSCAR groups containing elevated spermatocyte/Sertoli cell ratios. Therefore, the effects of higher TgSCAR are complex and may include differential control of germ cell survival pathways in TgSCAR H vs. TgSCAR m testes. Elevated apoptosis induced by excessive TgSCAR activity did not hinder the later stages of spermatogenesis, as postmeiotic spermatid/Sertoli cell ratios were higher in TgSCAR H relative to TgSCAR m testes [which had below-normal spermatid/Sertoli ratios, (10)] and WT testes. Elevated spermatid/Sertoli cell ratios in TgSCAR H testes appear counterintuitive to tubules exhibiting higher germ cell apoptosis. It is possible that elevated SCAR actions may prevent normal low-level apoptosis of pachytene spermatocytes and spermatids, which may counter the increased cell death of preceding spermatogonia and early spermatocytes. Previous studies using lossof-function mouse models showed that disruption of SCAR caused spermatogenic arrest during the late meiotic-early post- meiotic stages (6, 19) . Our current gain-of-function TgSCAR H model reveals that excessive SCAR expression also impacts these stages and further demonstrates that a delimited level of SCAR expression is required for optimal spermatogenic development. TgSCAR H testes also displayed focal abnormalities in the seminiferous tubules, including increased vacuolization, notably in tubules close to the rete testes, as well as cellular deposition in enlarged ducts of the rete testes, which was more pronounced in older TgSCAR H mice. Enlarged ducts were engorged with spermatozoa, and cell clusters in the ducts also included round spermatid-like and apoptotic cells, which may indicate disruption of Sertoli and postmeiotic germ cell interactions. Reduced epididymal sperm counts in the TgSCAR H males were consistent with partial obstruction of the efferent ducts due to these unusual cellular deposits. Premature or aberrant germ cell detachment and germ cell apoptosis may all contribute to reduced testicular sperm output in TgSCAR H males.
Normal serum FSH and normal to high testosterone levels in TgSCAR H males suggest that excessive SCAR activity did not adversely affect gonadotrophin action. The normal size of androgen-dependent seminal vesicles was consistent with regular levels of circulating androgen in TgSCAR H mice. However, TgSCAR elevated the intratesticular testosterone, DHT, and 3␣-diol levels in adult TgSCAR H relative to TgSCAR m and WT mice. In vitro studies indicate that 3␣-diol exerts cellular responses independent of AR pathways in the prostate (24, 35) , but the functional impact of elevated intratesticular 3␣-diol (and DHT) levels in TgSCAR H testes remains unknown. Mature TgSCAR H testes also exhibited atypical interstitial regions of localized Leydig cell hypertrophy, which resembled the morphology of immature adult Leydig cells (11) . Recently, we showed that higher DHT and 3␣-diol levels during puberty in mice coincided with the appearance of immature adult Leydig cells (11) . Therefore, it is possible that the increased 3␣-diol and DHT levels in TgSCAR H testes derive from focal areas containing residual populations of immature adult Leydig cells, which were most often seen around the periphery of the testis, such as around the enlarged ducts of the rete testes. Intriguingly, peripheral Leydig cell hypertrophy (and hyperplasia) was also reported in a mouse model (KiLHR D582G ) that replicated familial male-limited precocious puberty (or testotoxicosis) due to an activating mutation in the LH receptor (22) . Therefore, genetic modifications elevating either Sertoli cell AR or Leydig cell LH receptor activity both appear to disrupt a vulnerable area of Leydig cell development in murine testes. A specific mechanism for the regional SCAR-induced disruption of Leydig cell development in TgSCAR H testes remains to be determined. In summary, the phenotype of TgSCAR H males has revealed that excessive local testicular AR activity may negatively impact key parameters required for male reproduction. Our unique TgSCAR mouse model showed the importance of tightly regulated expression levels of SCAR for optimal Sertoli/germ cell homeostasis and normal Leydig cell maturation and steroidogenesis. Excessive SCAR activity caused an imbalance in testicular function that ultimately led to male infertility. Our gain-of-function model provides a unique opportunity to identify SCAR-dependent pathways that are vulnerable to disruption and potential avenues for the development of new male contraception strategies.
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